Abstract. This study investigated an injectable radio frequency identification (RFID) and temperature sensor (TX1400 B, Digital Angel, Inc., St. Paul, MN-USA). The sensor is implanted into the neck and used to measure temperature and a unique identity code.
Introduction
New techniques for measuring core body temperature that are minimally invasive and provide continuous, remote, real-time information are promising for use in animal research and management. Gordon (2004) noted that in recent years technologies for measuring core body temperature have been used in mammals such as rats (Refinetti et al. 2004) , sheep (Piccione et al. 2002) , cattle (Brown-Brandl et al. 2003 and Davis et al. 2003) , horses (Green et al. 2004 , Piccione et al. 2002 , and Refinetti et al. 2004 , squirrels (Refinetti et al. 2004) , and poultry (Brown -Brandl et al. 2003) . Body temperature in livestock has been measured with various techniques, including: infrared thermal imaging, rectal probe, catheterization (Marlin et al. 1999; Kohn et al. 1999) , and tympanic probe (Guidry, 1966) . Some devices use telemetric technology, which allows data to be collected wirelessly (Brown-Brandl et al. 2001; Hahn et al. 1990; Mitchell et al. 2000a ). Green (2005) stated that techniques used for measuring body temperature of horses include rectal thermometers and sensors, catheterizations, blood temperature, surface temperatures, or deep body sensors. A recent literature review yielded limited information on the practical application of temperature measurement technologies to assess the health and welfare of horses (Green, 2005) .
Horses, like other livestock, are homeotherms. They can maintain constant core body temperature over a wide range of environmental conditions. Thermal stress is induced when environmental conditions are outside an animal's thermoneutral zone, defined as the effective environmental temperature within which the animal's metabolism is at a minimum and is independent of environment (CIGR, 1999; Mount, 1973) . A horse's ability to lose heat from convection is greatly reduced during heat stress because the temperature difference between the animal's core body temperature and the ambient temperature is reduced. Thus, more heat must be lost by latent means (sweating, respiration, and if possible, behavioral changes such as laying on a cool surface, standing in water, etc). Horses are found in a variety of environments that are conducive to heat stress including standing in a sunny pasture or in a dark, stationary trailer. The radiant load from the roof of a trailer can be significant and lead to substantial heat stress, particularly when the air velocity over the animal is nonexistent.
A horse experiencing extreme heat or cold ambient temperatures will show behavioral and physiological responses, such as heat stress. These situations commonly induce responses, such as exercise, injury, fatigue, fever, illness, transport, and social change (Green, 2004) . Horses with health problems will respond to such conditions by spreading illnesses to other horses. A horse will show behavioral signs such as standing in shaded areas, standing in water, or decreasing the amount of food consumed. A study by Green (2004) and Green et al. (2007) simultaneously monitored the thermal environment, physiological response, and behavioral response of horses during transport. Other studies concerning horse well-being have tended to focus more on behavioral response to environmental conditions rather than on physiological responses (Collins et al. 2000; Waran, 1996; Reece et al. 2000) . While several studies have measured changes in blood composition as a measure of stress (Clark et al. 1993; Smith et al. 1996) , these studies have not focused on the corresponding environmental conditions, by quantifying the thermal environment (ventilation, temperature, humidity, radiation) or taken potential stressors due to motion of the vehicle into account. Research is needed to better understand heat stress of horses during transport and in other environments, such as stalls.
Periodic rectal temperature measurements are commonly used to monitor horse health by veterinarians and horse owners. Powell et al. (2006) states that horse temperatures above 101.5°F (36.9°C) require investigation of disease. Technologies that enable quick, accurate temperature measurements could provide numerous benefits. Horses with an elevated temperature are susceptible to disease and because diseases can spread quickly, these horses should be identified and isolated. Periodic temperature checks with a thermometer, chosen for its low cost and ease of use, make rapid identification of sick animals difficult. Continuous monitoring can be valuable because it reflects overall changes that may not be identified with intermittent temperature measurements (Brown-Brandl et al. 2001; Green et al. 2005; 2008; Mitchell et al. 2000b; Wheeler et al. 2000) . Another disadvantage of bulb thermometers is that the probe is usually not long enough to extend fully into the body cavity, so that the rectal temperature, not core temperature, is measured. Rectal and gastrointestinal tract temperatures have been shown to vary by as much as 0.5 to 1.0°C (Green, 2005) . Development of an accurate continuous system for measuring temperature in horses, perhaps like that used by Davis (2003) to monitor fever onset in beef steers, could have application to the equine industry.
The use of identification and radio frequency identification (RFID) sensors has expanded within the past 10 years in the horse industry. In particular, RFID sensors that can be implanted have become popular worldwide. Digby et al. (1999) stated that horses are being implanted with these sensors for quick and ease of use during horse sales, racecourses, showing, and transporting in England. Tyzak et al. (2005) 
Objectives
A remote continuous telemetry-based temperature measurement system that can be used in many different settings to assess the well being of horses is envisioned. However, before such a system can be fully implemented some basic questions regarding the accuracy of the sensors and their performance must be addressed. The objectives of this study were:
1. Evaluate the accuracy and performance of injectable passive radio frequency identification (RFID) and temperature sensors (TX1400 B, Digital Angel, Inc., St. Paul, MN), and 2. Develop a methodology to locate sensors previously implanted in horses using ultrasound technology and reference them to an anatomical structure.
Methodology

Calibration
The sensors were injected into aqueous silicon pads (5.9in (15cm) x 3.5in (8.9cm) x 1.5in (3.8cm)) to simulate the thermal environment of horse tissue by providing thermal mass. Five silicon pads were used with one pad having three chips and the other pads having two chips each. Three sensors could have been injected into each of the five pads, but the distance between chips affected the amount of time required for the wand to pick up each chip reading. A preliminary experiment showed that when three sensors in pad #1 were injected too close together, it was difficult to read the center chip.
Eleven sensors were placed in a controlled temperature water bath (NESLAB RTE-211 Model: A617189) so that temperature could be controlled and chip output could be determined rapidly ( Figure 1 ). The water bath temperature was initially set to 35.0 °C and increased by increments of 2.0 °C after each chip temperature was read, up to a maximum of 45.0 °C. The water bath was allowed to come to equilibrium for approximately one hour before the calibration experiment began and between temperature measurements.
A bench top temperature recorder (OMEGA Model: DP95ARS41313131) with a recently calibrated National Institute of Standards and Technology (NIST) traceable probe (platinum RTD) was used as the standard reference for calibrating sensors. Three additional RTD probes purchased for the same meter were calibrated against the NIST traceable RTD probe in a water bath as described above. The temperature indicated from each probe was recorded at each water temperature step. The data were regressed against the reference NIST RTD probe.
Pad #1 was used first to test the calibration method with the sensors to evaluate how the thermal mass of the silicon reacted as it was gradually heated. The three sensors were placed approximately an inch apart and an inch from the edge of the silicon material. The smaller RTD probe was also placed into the silicon to measure the temperature of the material as it was heated. The silicon pads were placed in the water bath for an hour to allow the temperature of each to equilibrate before recording any temperature measurement. This method of calibrating all eleven sensors was repeated four times to investigate the error in the sensor/wand system.
The sensors were further analyzed to test repeatability over time. The sensors were placed in the water bath, just as in the calibration experiments, and held at a constant 40.0 o C. A total of fifteen measurements were recorded at this temperature over a period of 3 days.
A linear regression was performed on each chip after all four trials. T-tests were performed for each chip for each trial to test whether the slope of the line was unity, and if the intercept was equal to zero (α=0.05).
The mean square error (MSE) of each chip was compared over the four trials (i.e. as the sensors were used repeatedly). A MSE analysis always assumes the data are normal, so to normalize the data a log-transform was performed on the data. A repeated measures analysis of variance was performed on the log-transformed MSE data using PROC GLM (SAS, 2002, Ver. 9 .1).
Further analysis was performed on the raw data to find a trend for each sensor between each trial. Three types of plots were constructed in Sigma Plot (SPSS, 2002, Ver. 3 .2) to compare the chips. A mean difference plot was constructed to compare the error in each chip per trial.
Two additional plots for each sensor measurement were constructed, representing residuals vs. reference temperature and residuals vs. the predicted temperature.
Necropsy
Three necropsies were performed to learn more about the anatomy of the horse, specifically the nuchal ligament and potential for sensor placement. The necropsies occurred in December 2007 , February 2008 , and March 2008 . Each horse used was a mature female with at least one ID sensor.
An ultrasound machine (Tereson 3000, Classic Medical, Tuquesta, FL) was used to try and see the implanted sensor and precisely locate it in the neck. Once each sensor was located using the wand, a 2 inch area was shaved to allow the ultrasound to have full contact against the epidermal layer (Figure 2 ). The purpose of the ultrasound was to narrow the area of interest when locating the sensor and to find the exact location of the sensor.
The excised neck of the horse was chilled at 4.0 o C overnight to provide stability during the sectioning process. The mane was shaved from the chilled neck. Sectioning was accomplished using a Hobart band saw. Sections were approximately 3.8 to 5.1 cm (1.5 to 2 in) thick. Further analysis to locate the sensors was performed using ultrasound. Sensor(s) were located by using the RFID wand to detect the section and the approximate area within the section (Figure 2 ). Figure 2 . Using the wand to locate the sensor(s) within the slices and using the ultrasound to find the depth of where the sensor is located in relation to top of the mane.
Twelve sections were cut from each neck (approximately 71 cm (28 in) long). All measurements were taken using a standard tape measure. The length, depth, thickness, fat thickness, ligament node to center of vertebrae, and vertebrae to bottom of neck measurements were recorded for both sides of each section. Each slice was placed on a green Professional grade Alvin Cutting Mat that was 18 inches (45.7 cm) X 24 inches (61 cm) on the floor in a marked area while keeping the original shape of the section (Figure 3) . A camera and tri-pod were set up directly above the mat to keep the angle consistent in which the picture was taken. 
Results and Discussion
Calibration
The calibration data and linear regression results for each sensor are shown in Figure 4 and Tables 1-4. In Tables 1-4 , the significance columns indicate the results of hypothesis testing based on the null hypothesis that the intercept is 0 or the slope is 1, with NS referring to failing to reject the null hypothesis and S rejecting (α=5%). The intercept of all but one of the sensors in trial 1 was less than 0 with a standard error of the intercept coefficient greater than 1.5°C. All but one sensor had a slope greater than one. Sensor 5 had a lower slope and intercept than the other chips. The slope and intercept of the calibration curves for three of the 11 chips was statistically different than zero and one. Three of the eleven sensors had an overall standard error greater than 1.0 °C. The intercept of nine sensors in trial 2 exceeded zero within standard errors for all but one of the sensors greater than 2.0°C. Eight of these nine sensors had intercepts and slopes that were not statistically different than zero and one. The estimated slopes of all the sensor calibration curves were within 0.21°C/°C of each other and all had standard errors less than 0.12°C. Seven of the eleven sensors had an overall standard error greater than 1.0°C. The intercepts of five sensor calibration curves exceeded 0°C in trial 3. All but one of the sensors had an intercept standard error greater than 1.5°C, which was similar to the first trial. The slopes of eight sensor calibration curves were not significantly different from unity. Two of the eleven sensors had a regression standard errors greater than 1.0°C. Three of the eleven sensors had both intercepts and slopes significantly different from zero and unity, respectively. (Table 4) .
Calibration Data for 11 Sensors for all 4 Trials
Regression standard error for each calibration was categorized to determine sensor/wand system repeatability (Table 5) . Results were split into three categories defined as: Good (SE ≤ 0.5°C), Marginal (0.5°C < SE ≤ 1.0°C), and Poor (SE > 1.0°C) to quantify reliability and accuracy. Table 5 . Grouping of each sensor under the three categories to determine repeatability of the system.
TRIAL 1 2, 4, 6, 8 7, 9, 10, 11 1, 3, 5 TRIAL 2 8, 9, 10, 11 1, 2, 3, 4, 5, 6, 7 TRIAL 3 4, 5 1, 2, 3, 6, 8, 9, 10 7, 11 TRIAL 4 3,6,7 1,2,4,5,8,9,10,11
A limit of 0.5 o C was selected as the minimum allowable standard error based on manufacturers allowable error for the system. Sensor accuracy and sensor repeatability (defined as sensor standard error of similar magnitude in each calibration trial) was inconsistent. For example, one sensor (4) was both accurate and repeatable in two of three trials. Another sensor (5) was inaccurate but repeatable, and another sensor (2) was neither accurate nor repeatable. If 1.0 o C calibration standard error is used (instead of 0.5 o C) as an accuracy threshold then three sensors of the eleven tested were deemed accurate and repeatable (8, 9, 10).
Results for the repeated measurements analysis are presented in Table 6 . There were three sensors with intercept of the linear regression curves less than 10. The mean squared errors (MSE) of the four trials were compared to determine if there was significant drift in average sensor measurement (F (3, 30) = 4.71, p = 0.0082). There was a significant difference in MSE between the four trials. Therefore, the null hypothesis that the MSE did not change over trials was rejected (Table 7 and Figure 6 ). 
Necropsy
Based on conversations with other researchers, the nuchal ligament was originally thought to be a fibrous, rope-like structure; somewhat cylindrical in cross section, and occurring at non uniform depths from the mane. Careful measurements were made on the multiple cross sections. These were then used to create a computer generated three-dimensional model (Figure 7) . From the necropsy, we learned that nuchal ligament is more of an elongated heart- Figure 7 . Three-dimensional model of nuchal ligament.
shaped cross section at the withers, and separates into two distinct cylindrical shapes attached by a node as the ligament approaches the base of the skull.
Further, the location of the ligament appears to closely parallel with the mane and lies just below the subcutaneous fat band. The sensor(s) were found between the fifth and seventh slice from the withers, which is shown in figure 8 . The sensor was between 1.0 to 1.5 inches (2.54 to 3.8 cm) below the epidermal layer into the muscle, which was not near the nuchal ligament.
The nuchal ligament had been proposed by veterinary researchers and the sensor company as the ideal place for implanting the sensor. The sensor capsules are made of two types of material: glass and polypropylene. The polypropylene end has a small hole for tissue to grow into and attach to prevent migration. Based on these necropsy observations, the nuchal ligament cannot be reached using the implant system provided by the company. Further, we would propose that a better location of the sensor to be in the neck in the subcutaneous fat band below the mane, half way between the base of the skull and the withers. The sensor could be implanted using the current system by parting the mane and injecting the sensor half way from the base of the skull to the withers directly into the subcutaneous fat. This guarantees the sensor will not migrate around the horse's body (Figures 9 and 10 ). 
Conclusion
The radio frequency identification (RFID) and temperature system (TX1400 B, Digital Angel, Inc., St. Paul, MN-USA) used in this study is one of the newer techniques used to identify horses and to measure their CBT. The purpose of this study was to evaluate the sensor/wand system performance, and develop a means of sensor location in the horse.
Eleven new sensors were calibrated to assess reliability. Results of four calibration trials demonstrated significant variability in both accuracy and repeatability. Several analyses were conducted to characterize system performance. The minimum regression standard errors ( To quantify accuracy, the regression SEs were placed into three categories: There were 4, 0, 2 and 3 Good (SE ≤ 0.5°C); 4, 4, 7, and 8 Marginal (0.5°C < SE ≤ 1.0°C); and 3, 7, 2, and 0 Poor (SE > 1.0°C), respectively. Three of the eleven sensors evaluated were found to be repeatable, however with Marginal accuracy. The reliability of the system is in question because no one sensor showed a standard error less than 0.5 o C in all four trials. Based on these results the temperature system was determined to be unreliable for this application.
Three necropsies were performed on horses with previous illness. The purpose of the necropsies was to learn more about the anatomy of the horse's neck, to locate previous implants using an ultrasound, and find the ideal location for the RFID temperature sensor.
Health Alerts (http://www.ftboa.com/healthup.php?id=54; accessed 18 May, 2008) states that the USDA-approved 125 Hz sensor should be implanted in the nuchal ligament on the left side, in the middle third of the neck, halfway between the ears and the withers. The recommendation to use the nuchal ligament appears to be in an attempt to prevent migration.
The nuchal ligament is a fibrous ligament that has the ability to grow around and through small opening of the sensor capsule to prevent migration. The sensors located during the necropsies showed that when the sensors were injected they were not found in or around the nuchal ligament. Most sensors were located in the muscle tissue of the neck where the sensors could be affected by the environmental conditions. If the sensor is injected right under the skin, then the sensor would only read the ambient temperatures and not the body temperature of the horse. The ideal location was found to the fat section of the neck under the mane. This recommendation does take into account the reliability of the system, including the limitations.
The necropsies taken place within this study were a major source of information, in understanding of the anatomical structure of the horse's neck, which will aid in developing a procedure for consistently injecting the sensors. This information will be used to design and evaluate an implantation device to fit over the neck of any size horse. The purpose of a device would be to ensure the accuracy of injecting the sensor using a repeatable method for the general public.
